Background: As a human carcinogen, formaldehyde is a toxic chemical imposing adverse effects on public health and environment. Due to its high reactivity, colorless nature, sustainability, purity in commercial forms, and low prices, the production and consumption of this compound has expanded vastly in industries. Methods: In this study, a UVC photoreactor with a total volume of 120 mL was used and operated in a rotary mode. To determine the residual concentration, high-performance liquid chromatography (HPLC) device was applied whose detector was set at a wavelength of 355 nm and equipped with C18 column (with dimensions of 25 × 4.6 mm i.d, and particle size of 5 µm). Total organic carbon (TOC) was determined using a TOC analyzer. Results: The optimal condition in this study was obtained at pH=3 and formaldehyde concentration of 350 mg, so that the removal of formaldehyde and TOC was 98.2% and 95.1%, respectively, after 35 minutes reaction time. The formaldehyde removal efficiency was assessed in the presence of methanol (MeOH), tert-butyl alcohol (TBA), and salicylic acid (SA) scavengers, and it was indicated that SO 4
Introduction
Formaldehyde is the simplest compound of the aldehyde group and is known by various names including methyl aldehyde, methanal, methyl oxide, and formic aldehyde (1) . It has a pungent odor and its chemical formula is HCHO (2) . The use of this compound has increased in industry due to its high reactivity, colorless nature, stability, purity in commercial forms, and low cost (3) . Formaldehyde is used in the manufacture of adhesives and resins, industrial fungicides, pharmaceuticals, paper processing, chemical and petrochemical industry, plastic, polyester fiber and fiberglass industry (4) . The concentration of formaldehyde in the industrial effluent has been reported to be 100 to 10 000 mg/L. Formaldehyde at low concentrations has effects such as mucosal irritation, coughing and swallowing disorders, and increases the risk of asthma over long periods of time. This compound causes chromosomal abnormalities, irritation of the eyes, nose, throat, dermatitis, and digestive system infections in children. Studies also suggest that lung, nose, and blood cancer can be increased in people who are exposed to this substance, which has been identified under "potentially carcinogenic" classification by the US Environmental Protection Agency (EPA) (5) . The safe concentration of formaldehyde for the environment is 61.1 mg/L (6), therefore, any wastewater containing formaldehyde must be treated effectively before being discharged into the environment. Recent studies have been conducted on chemical and biochemical methods and the integration of biological and chemical methods for the removal of formaldehyde. Biological methods cannot be an effective and efficient way to remove formaldehyde because formaldehyde reacts with DNA, RNA, and protein, and as a result, leading to the death of microorganisms (7) . Recently, advanced oxidation processes (AOPs) such as Fenton, Photo Fenton, photocatalysis (8) , electrolysis, and UV-based methods (9) have been used to remove formaldehyde. Some studies have reported formaldehyde degradation at low and medium concentrations using biochemical processes, while the use of these processes alone cannot provide sufficient formaldehyde decomposition (10) . UV-based methods have been widely used to decompose many organic compounds, drugs, and pesticides from drinking water for the generation of active radicals (11) . Generated radicals such as hydroxyl and sulfate have been numerously used to control the contamination of drinking water and wastewater treatment due to their rapid reaction, easy application, and high reactivity (11) . Nowadays, sulfate radical-based advanced oxidation processes (SR-AOPs) have been considered as a new and effective solution for the decomposition of organic compounds in drinking water (12) . In general, SO 4 •-is produced by activating peroxymonosulfate (PMS) or potassium persulfate (PS) in the presence of conductive metals, heat, chemicals, and ultraviolet radiation (13) . More water solubility, relatively inexpensive and easy storage, higher stability, and easier activation of PS composition compared to H 2 O 2 resulted in considering this compound as an appropriate source for the active radicals production (14) . The activation of PS compound by the radiation of ultraviolet rays triggers the production of SO 4 •-and OH • radicals (15, 16) . These two radicals are produced through the following formulas (10):
Sulfate and hydroxyl radicals can produce resistant organic compounds by chain oxidation reactions and mineralization. The aim of this study was to investigate the ability of the UVC/PS process to decompose formaldehyde in a synthetic wastewater contaminated with this compound. The effects of process parameters including pH, formaldehyde concentration, input persulfate, reaction time, and domestic water characteristics were investigated. The aim of this study was to decompose and mineralize formaldehyde, which is widely used in various industries, especially wood, pharmaceutical, and petrochemicals, using UVC/S 2 O 8 2-process by a high yield and low cost method. The effect of various anions has been investigated, which is the innovation of this study.
Materials and Methods

Materials
The materials prepared for this study including potassium persulfate (K 2 S 2 O 8 ) 99%, methanol (CH 3 OH) 99.8%, butyl alcohol (C 4 H 10 O) 99.5%, and salicylic (C 7 H 6 O 3 ) 99%, were purchased from Sigma-Aldrich. Sodium salts including Na 2 SO 4 , NaNO 3 , Na 3 PO 4 , Na 2 CO 3 , NaHCO 3 , and NaCl were purchased from Merck. Paraformaldehyde (CH 2 O) was also purchased from Merck, which its properties are shown in Table 1 .
Experiment settings Formaldehyde solution was prepared by dissolving 1 g of paraformaldehyde in 1 L of distilled water. Then, the initial concentration of the samples was extracted from a stock solution. To obtain the desired pH, sodium hydroxide and sulfuric acid 0.1 N were used and experiments were performed using a pH meter (Metrohm) in a Pyrex cylindrical photoreactor (350 mm height × 24 mm diameter), and operated in a circular mode. A lowpressure mercury lamp (4 W) is placed in the center of the photoreactor, and a quartz coat (150 mm height × 15 mm diameter) is employed for the lamp protection. The UVC lamp (Boston Electronic Co.) radiates the wavelengths of 254 and 185 nm. The schematic of the UVC photoreactor is shown in Figure 1 . A peristaltic pump (Heidolph Co.) was used to create flow in the photoreactor. The injection rate of this pump was set to be 1 L/min for all experiments. The effect of pH (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , initial concentration of formaldehyde (200-500 mg/L), reaction time, mineralization rate, water anion, and scavengers were evaluated in this study. Also, the effects of common water anions including sulfate, nitrate, chloride, carbonate, bicarbonate, and phosphate were assessed. A set of experiments were also performed with tap water with the following characteristics: Cl -= 59 mg/L, SO 4 2-= 19 mg/L, NO 3 -= 10 mg/L , and alkalinity = 67 mg CaCO 3 /L. All experiments were performed twice for validation and samples were analyzed by high-performance liquid chromatography (HPLC) to determine the concentration of residual formaldehyde. The formaldehyde degradation and mineralization efficiency were calculated by Eq. (5) and (6):
Formaldehyde minerilazation efficiency
Where C 0 and C t are respectively the concentrations of Formaldehyde before and after each experimental step and TOC is the total organic carbon concentration. TOC was measured by a TOC analyzer before and after the reaction. The kinetics of formaldehyde degradation and mineralization was calculated by the pseudo-first-order kinetic model using the experimental data according to the Eq. (7). Moreover, the formaldehyde degradation rate in UVC/S 2 O 8 2-was determined by the first-order linear reaction model using Eq. (8):
Where k 1 is the rate constant for the first-order reaction (min -1 ) and r 1 is the rate of formaldehyde degradation and mineralization (mg/L.min).
Analytical methods
The HPLC was equipped with two pumps and a doubleBeam UV-Vis spectrophotometers for formaldehyde measurement. This study was performed at room temperature in a phase with C18 column (with dimensions 25 × 4.6 mm i.d, 5 μm particle size) using a SPD-M20A photodiode array detector (both manufactured by Shimadzu, Kyoto, Japan). The volume of each injection of 20 μL and mobile phase (mobile phase) of water and methanol (35:65) were performed with isocratic program. The mobile phase flow rate was adjusted to 1 mL/min and injected into a volume of 20 µm and each run lasted for 12 minutes. The moving phase was filtered by a syringe filter and its gas was taken out before usage. The wavelength of the detector was set at 355 nm. To calibrate, the formaldehyde standard solution was first prepared and several concentrations of formaldehyde (50 to 150 mg/L) were made by dilution of the solution and injected into the HPLC. For the calibration curve, a peak of formaldehyde concentration was plotted. The total organic carbon (TOC) concentration was measured by the TOC analyzer (TOC-V-CPN, Shimadzu Ltd, Japan).
Determination of the dominant radicals To understand the oxidation reaction, radicals were used for the formaldehyde degradation in UVC/S 2 O 8 2-photoreactor, and methanol (MeOH), tert-butyl alcohol (TBA), and salicylic acid (SA) were used as scavenging agents. The concentration of scavengers was 250 mg/L and the dominant scavenger radical was determined at the optimum pH of 3. The concentration of formaldehyde was 200 mg/L and the concentration of S 2 O 8 2-was equal to 0.25 g/L at reaction times of 20 and 35 minutes.
Results
The effect of pH on the formaldehyde degradation in UVC/S 2 O 8 2-photoreactor As shown in Figure 2 , the optimum pH was determined to be 3 to 10. At pH 3 to 10, the rates of formaldehyde removal were 47.51, 33. The effect of initial formaldehyde concentration on the kinetics in the UVC/S 2 O 8 2-photoreactor To study the kinetics of this process, pseudo-first-order and pseudo-second order kinetic models were used to describe the experimental data. As shown in Table 2 , the first-order model has a better fit with the experimental data. The kinetic result of this study, based on the previous studies, has been reported as the first kinetic model in AOPs processes. According to Table 2, the constant (1) at different formaldehyde concentrations of 200, 350, and 500 mg/mL was found to be 0.08, 0.033, and 0.066 L/min, respectively. The increase of k and stability of the reaction is due to the high reaction between formaldehyde molecules and active radicals species. Also, by increasing formaldehyde concentration, the low capacity of pollutant molecules in the reaction with radicals reduces the formation of reactive radicals and the k value of the reaction. In this study, the effect of a number of water anions on the mineralization of formaldehyde was investigated. The samples including nitrate, sulfate, carbonate, and sodium chloride were synthesized to determine their effect on the UVC system efficiency. As shown in Figure 6 , the removal efficiency of formaldehyde was increased to 35.54% and 50% when nitrate was added at 20 and 35 minutes reaction time. According to this figure, all anions had an impact on the removal efficiency of TOC and nitrate> carbonate> chloride> sulfate had respectively the greatest effect. A number of domestic water anions, such as SO 
Discussion
According to the results, the solution pH, affects persulfate activity and formaldehyde degradation. When pH is lower than 7, SO 4 •-is dominated based on the Eq. (9) and (10), and when pH is higher than 7, two reasons for this increase can be considered: The first reason can be attributed to the fact that, when pH is higher than 7, according to Eq. (11) and (12), with increasing S 2 O 8 2-concentration, the activity of persulfate is increased and consequently, it produces more SO 4 radicals (11). According to Eq. (1-4) , under UVC irradiation, S 2 O 8 2-converts to SO 4 •-radicals, which can react with formaldehyde molecules. Therefore, SO 4 •-can oxidize formaldehyde through the following reactions presented as Eq. (9-11) (11): (9) (10) (11) And the second reason is the high OH -level for producing OH
• that tends to react with SO 4
•-. However, due to the low redox potential of OH
• (1.9-2.7 V), compared to SO 4
•-(2.5-3.1 V), it may reduce the efficiency of formaldehyde removal at high pHs (9). Alkaline pH:
In a study by Lee et al, perfluorooctanoic acid (PFOA) decomposition in the presence of persulfate at different pHs was conducted and PFOA decomposition at different pHs in radical reactions was investigated. In acidic condition, PFOA degradation was more than that in alkaline condition, because hydroxyl anions could play a role in scavenging radicals, consequently, the produced OH • radical had little reactivity with PFOA (17) . Also, in another study by Ou et al, the photo degradation of tris (2-chloroethyl) phosphate by the UVC/PS system can transfer SO 4 •-to SO 4 2-when pH ≤ 9, and at pHs above 9, all SO 4
•-is converted to SO 4 2-(18) . Due to the constant amount of SO 4 •-radicals production by a certain amount of S 2 O 8 2-
, as shown in Figure 3 , by increasing formaldehyde concentration, the formaldehyde degradation efficiency decreased and during the reaction time, the formaldehyde molecules were decomposed which was followed by the generation of a large number of intermediates that had not been destroyed by SO 4
•-, which is consistent with the results of previous reports (12) . In the other study conducted by Sharma et al on the degradation of bisphenol A (BPA) by UVC/PMS, it is reported that an increase in the concentration constant of BPA, yields a greater number of BPA molecules to oxidize free radicals, therefore, the reaction rate increases. In the present study, it was observed that by increasing formaldehyde concentration to 350 mg/L, the k-value decreased to 0.053/min, indicating that formaldehyde and interfering molecules cannot be completely decomposed by active radicals, hence, the formaldehyde decomposition and k-value decrease (19) . As shown in Figure 4 , with increasing reaction time from 5 to 60 minutes, the rate of formaldehyde degradation also increased, which is due to the fact that a large number of formaldehyde molecules are available over time for free radicals, and the rate of reaction was increased (19) . As can be seen, the percentage of formaldehyde decomposition at S 2 O 8 2-concentration of 0.25 g/L and 0.3 g/L is almost the same and its further use is not cost effective, because this excess dose causes excessive sulfur anion decomposition, and at higher concentrations, redestruction of SO 4 •-radicals may also occur, although the inhibitory effect of S 2 O 8 2-was not observed in this study (11) . It has been reported that these anions can be effective in the decomposition efficiency in water. These contents can act as scavengers in the AOP processes and interfere with radicals' activity, therefore, these anions have significant effects on the formaldehyde degradation by the UVC/ S 2 O 8 2-process in order to apply this method for formaldehyde degradation (20) . In fact, due to its strong UVC absorption, nitrate reduced the efficiency of UVC processes. By absorbing ultraviolet radiation, The reaction of OH
• with carbonate and bicarbonate leads to carbonate radical formation, whose oxidation potential (~ 1.63 V) is much less than that of hydroxyl radical (22) . In addition, in comparison with bicarbonate, the carbonate has a higher rate of reaction with hydroxyl (22) (23) As shown in Figure 7 , the SA effect on radical scavenging is much greater than that of MeOH and TBA at the same concentration. SA has a high reaction rate with
• OH and can produce SO 4 •-in an acidic pH, thus, decreased formaldehyde degradation by SA could be due to its scavenging effect on both other active radicals.
Comparison of the effect of MeOH and TBA shows that the removal efficiency of formaldehyde in the presence of TBA is greater than that in the presence of MeOH. This is due to the fact that MeOH can have a scavenger function for both active radicals, however, TBA is a good OH
• scavenger. It is noteworthy that in the case of formaldehyde degradation in this study, the role of SO 4 •-is more important than • OH. The reason for low formaldehyde removal efficiency in the presence of TBA is that, due to acidic conditions, S 2 O 8 2-can convert to SO 4
•-, and the • OH radicals produced under these conditions, are affected by TBA scavengers (24) (25) (26) .
Conclusion
According to the results, pH can significantly affect formaldehyde degradation and pH = 3 was selected as the optimum pH. The initial concentration of S 2 O 8 2 was obtained by the degradation rate of contaminants by the UVC/S 2 O 8 2 system. Increasing the initial concentration of S 2 O 8 2-can lead to an increase in formaldehyde degradation. The increases in k-value and stability of the reaction rate at concentration ratio of 50 to 25 have been shown to provide an appropriate contribution to the interaction between the formaldehyde molecules and active radicals species. In other words, due to the low capacity of pollutant molecules in the reaction with radicals, the reformation of reactive radicals is reduced and the constant of the reaction rate is reduced as well. Furthermore, with increasing the reaction time from 5 to 50 minutes, the rate of formaldehyde removal in the photoreactor is significantly increased, so that a high amount of this compound is removed in this period of time. Accordingly, the UVC/S 2 O 8 2-process is a suitable method for the degradation of formaldehyde in contaminated water and is capable of removing great amount of this compound at high concentrations over a short period of time. 
